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Abstract – One of the major issues concerning the inclusion of 
additional components in vehicle for its efficiency improvement is 
the increase in mass of the vehicle. The increased mass causes an 
increased energy demand for propulsion of the vehicle. This 
paper aims at analyzing the impact of the added mass of an 
innovative air conditioning system powered by bio-ethanol based 
auxiliary power unit on the overall energy use of electric vehicles 
that are designed for the tropical climate of Singapore. 
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I. INTRODUCTION 
The hot and humid conditions of tropical countries like 
Singapore make air conditioning (AC) an absolute necessity in 
vehicles. It is estimated that AC systems consume close to 
30% of the traction battery energy in a battery electric vehicle 
(BEV) [1]. Hence, to achieve long ranges for BEVs driven in 
tropical conditions, there is a need to develop AC systems 
with improved efficiencies. 
The ‘Air Conditioning and Power Management’ department 
of TUM CREATE Limited is developing an autonomous AC 
system to address the issue of air conditioning of electric 
vehicles in Singapore. Our AC systems shall include a 
dehumidifier and an expander compressor unit (ECU) for 
improving its efficiency. It also includes a bio-ethanol based 
auxiliary power unit (APU) for making it autonomous. 
Dehumidification System: AC systems have to perform two 
major functionalities, viz. dehumidification and cooling. 
Singapore being located in a tropical region has an average 
ambient temperature of 270C and average ambient relative 
humidity of 84 % [2]. From the range suggested by ASHRAE 
for thermal comfort (22-260C at 30-60% relative humidity) 
[3], the desired cabin conditions were chosen to be 230C and 
60% relative humidity. Considering cooling of the air from 
ambient conditions to the desired cabin conditions, the 
sensible hear ratio (SHR) and latent heat ratio (LHR) are 
found to be 0.16 and 0.84 respectively. This implies that 
dehumidification shall consume more energy than cooling. 
The conventional AC system which does dehumidification 
of air by cooling of it to temperatures below the dew point 
temperature is inefficient for such climatic conditions. Hence a 
solid state desiccant based dehumidification system is being 
developed by us for removal of moisture from the air. The 
dehumidifier utilizes silica gel based desiccants that are 
synthesized to have low regeneration temperatures. The heat 
required for regeneration of the desiccants shall come from the 
waste heat of the APU. The other advantage of having a 
desiccant based dehumidification system is that the evaporator 
could operate at higher temperatures thus increasing the 
coefficient of performance (COP) of the AC system. An air 
cooler is used to cool down the temperature of the hot and dry 
air exiting the dehumidifier. 
ECU: In conventional car AC systems, the power of 
expansion is not recovered since the expansion is done using a 
throttle valve. Inclusion of a separate expander to recover this 
expansion power increases the weight and the cost of the 
system. However, we are developing an innovative ECU 
where the expander and compressor are integrated into one 
machine. The work recovered from the expansion process 
reduces the power required by the compressor and increases 
the COP of the AC system. Additional information about the 
design and working of the ECU could be found in [4], [5]. 
APU: The AC system being developed shall be powered by 
an APU which uses bio-ethanol as its fuel, thus making it 
independent of the main traction battery. The APU consists of 
an ethanol storage tank, coupled to an ethanol reformer and an 
ethanol-reformate based high temperature proton exchange 
membrane (HT PEM) fuel cell stack. Bio-ethanol has been 
chosen as the fuel of choice for the following reasons 
a) Sustainable source; 
b) Low global greenhouse gas (GHG) emissions; 
c) High energy density. 
Since the organic sources for production of bio-ethanol 
(Municipal Solid Waste (MSW)) are limited in Singapore, the 
bio-ethanol based APU is just restricted to the AC system and 
not extended to the entire vehicle.  
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Fig. 1.  (a) The schematic representation of a conventional AC system and (b) The schematic representation of our autonomous AC system. 
The schematic representation of the conventional system 
and the new autonomous AC system are shown in Fig.1 (a) 
and (b) respectively. 
Issues associated with the autonomous AC system: Since we 
are adding new components to the AC system, we shall be 
increasing the mass of the vehicle. Hence the driving energy 
required at the wheels which is directly proportional to the 
mass of the vehicle shall increase as well. However, a part of 
this energy shall be compensated by the reduction of AC 
system’s load on the battery due to the inclusion of the 
autonomous AC system which operates at higher efficiencies. 
This paper aims at analyzing the impact of the combination of 
the above mentioned two factors on the overall energy use of 
the vehicle. This paper shall be helpful in understanding 
whether addition of additional mass to vehicle for achieving 
improved system/sub-system efficiencies makes sense from 
vehicles overall energy consumption point of view. 
II. METHODOLOGY 
There are two approaches to this analysis, both of which 
shall be discussed in this paper. 
1) Fixed battery size: Assuming that the battery size is 
maintained the same and that the AC system is powered by the 
APU, more energy from the battery could be utilized for 
driving. Hence, the driving range increases. However, the 
increase in the range will not be directly proportional to the 
increased capacity because of the increased mass of the 
vehicle. The influence of additional mass of the autonomous 
AC system on the incremental range shall be studied in this 
section. 
2) Fixed range of BEV: If we fix the range of the vehicle, 
the battery could be downsized by inclusion of the 
autonomous AC system since the AC system’s energy 
requirements will be supplied by the APU. The combined 
effect of the increased mass of the autonomous AC system and 
the decreased mass in battery on the overall energy use of the 
vehicle shall be analyzed in this section of the study. 
For estimating the size of the battery required to drive the 
vehicle, we need to find out the energy demands of the 
vehicle. The varied loads on the vehicles are: 
i) AC load; 
ii) Auxiliary load; 
iii) Driving/Mechanical Load. 
Fig. 2 shows the block diagram of the overall simulation set 
up. The AC system is connected to the Battery or APU by 
dotted lines to indicate that only one of the sources would be 
used for powering it. Battery will be used in the conventional 
system and APU will be used in the autonomous system. The 
double headed arrow indicates the bidirectional flow of 
energy, i.e. battery-to-wheels during driving and wheel-to-
battery during recuperation. 
 
Fig. 2.  Schematic representation of the simulation set up. 
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Fig. 3.  Mean ambient temperature and humidity of Singapore. 
The amount of power required by the AC system depends 
on the climatic conditions and the COP of the AC system. The 
hourly data of the Singapore’s climatic conditions could be 
found in Fig. 3. This data represents the mean hourly climatic 
data of Singapore for the period of 5 years (2008–2012). Fig. 4 
represents the global horizontal radiation of Singapore. The 
values represent the amount of solar radiation reaching the 
vehicle which is pre corrected by the cloud and building 
shading factors. The weather data used is from NASA [6] and 
was processed in [7]. 
Fig. 4.  Mean global horizontal radiation of Singapore. 
The four major sources of heat load in vehicle are passenger 
heat load, conduction by car body, solar radiation and air 
exchange. The average occupancy of car in Singapore is 1.7 
[8]. Since the BEV is being developed to serve as a taxi, we 
assume a slightly higher occupancy of 2. It is assumed that 
there are 2 passengers (n), each emitting 150 W [9] of heat 
into the cabin. The passenger heat load (Qpass) is calculated as,  
 150 nQpass  (1) 
For simplicity, the surface temperature (tbody) of the car is 
assumed to be the same as the ambient temperature. The 
thermal conductivity (kbody) value used for the body is 1.257 
W/m2K and conducting surface area (Abody) is 3 m2. The heat 
load caused by car body conduction (Qcond) is given by, 
 )( cabbodybodybodycond ttAkQ   (2) 
where ‘tcab’ is the cabin temperature. 
The area of car window exposed to solar irradiation (Awin) is 
fixed to be 2 m2. The glass window transmittance coefficient 
(κwin) is taken to be 0.75. The heat load in cabin due to solar 
radiation (Qsolar) is given by, 
 winwinsolarsolar AIQ   (3) 
where, ‘Isolar’ represents global horizontal radiation. 
The amount of heat load caused by air exchange depends on 
the type of AC system in use. The cooling and 
dehumidification process in the conventional AC system and 
our new AC system is represented in the psychrometric chart 
shown in Fig 5. Processes 1-2-5 represent the cooling and 
dehumidification process of a convention AC system. Since 
the conventional AC system does dehumidification by cooling 
the air to temperatures below dew point, the thermal load of 
air exchange of the conventional system (Qair,conv) shall be, 
 )( 21, hhmQ airconvair 

. (4) 
where ‘ṁair’ represents the mass flow of air which is assumed 
to be 0.06 kg/s and ‘h1’ and ‘h2’ represents enthalpy of point 1 
and 2 in Fig. 5 respectively. 
 
Fig. 5.  Air cooling and dehumidification process in the conventional and new 
AC system. 
The proposed AC system does dehumidification by a 
desiccant based dehumidification system. This is represented 
by the process 1–3 in Fig. 5. Process 3–4 in Fig. 5 represents 
the cooling of hot dry air exiting the dehumidifier in an air 
cooler. The air is cooled to a temperature (t4) which is 50C 
above the ambient air temperature. Therefore, the thermal load 
of air exchange of the new AC system (Qair,new) shall be, 
 )( 54, hhmQ airnewair 

 (5) 
where, ‘h4’ and ‘h5’ represents enthalpy of point 4 and 5 in the 
Fig. 5. 
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The total thermal load on the evaporator (Qevap) is  
 airsolarcondpassevap QQQQQ  . (6) 
For converting the heat load into electrical load, we need 
the COP values. The COP values of both the conventional and 
new AC system are calculated based on the pressure enthalpy 
(p-h) diagram shown in Fig. 6. The refrigerant is assumed to 
enter the expander at a temperature 100C lower than condenser 
temperature (tcond) and enter the compressor (tcomp,in) at cabin 
temperature. The efficiency of compressor and the ECU is 
taken to be 60%. The refrigerant used in our system is R134a. 
The dotted lines on the p-h diagram represent the new AC 
system. The evaporator temperatures of the conventional and 
new system (tevap,conv, tevap,new)  are assumed to be 70C lower 
than the dew point temperature (tD) and cabin temperature 
respectively. The expansion process in expansion valve is 
isenthalpic. 
 
Fig. 6.  Pressure enthalpy diagram of the conventional and new refrigeration 
cycles. 
The COP and the electrical power requirement of the 
conventional and the new AC system are calculated and 
plotted in Fig. 7. 
 
Fig. 7.  Electrical power requirement and COP of the conventional and new 
AC systems. 
The mean power requirement of the conventional and the 
new AC system are calculated to be 839 W and 241 W 
respectively. Since our load calculations are based on average 
hourly data, the system needs to be overpowered to cater 
extreme conditions.  
Additional mass of the AC system: It is evident from the 
schematics shown in Fig. 3 that the additional weight of the 
new AC system shall come from the dehumidifier, ECU and 
APU. The ECU being developed is estimated to have an 
additional mass of not more than 10% of and existing 
automotive AC compressor which is estimated to weigh 
around 10.2 kg [10]. Hence, the ECU could cause about 1 kg 
increase in weight. The mass of the dehumidification system 
to be added is estimated to be about 8-9 kg. The design of the 
APU is approximated to be similar to a commercially 
available ethanol based APU from ZSW, Germany. It weighs 
80 kg, has an ethanol tank, a steam reformer and a PEM FC 
stack which is capable of providing 1 kW of electric and 2 kW 
of thermal power [11]. As suggested earlier, the APU is 
oversized to be able to work in extreme conditions including 
startups (i.e. immediately after parking). Hence a total mass of 
approximately 90 kg needs to be added to the vehicle. To 
allow a more thorough analysis, a sensitivity analysis was 
done around this additional mass (70-110 kg). The inclusion 
of dehumidification system and ECU has a significant impact 
on the sizing of the APU since it reduces the peak power 
demands by about one third. In the absence of dehumidifier, 
the APU would be about 3 times heavier. 
The average auxiliary load on the vehicle which comprises 
of devices like head lights, tail lamps, blower fans, coolant 
pumps, etc. is taken to be 500 W. 
The BEV being developed at TUM CREATE Limited is 
designed to have a driving range of 200 km using batteries. 
Good specific energy, lack of memory effect and slow self-
discharge rates when not in use make lithium-ion batteries a 
suitable choice for our BEV [12]. To calculate the amount of 
energy required to drive the vehicle through the 200 km, we 
calculated the energy required at wheels and back calculated it 
to the battery through the drivetrain path efficiencies. The 
power demand at the wheel was calculated using MATLAB 
simulations based on the following formulae [13]: 
 rotvehaccl favmP  . (7) 
 
35.0 vAcP fwad   . (8) 
 vgmfP vehroll  cos . (9) 
 vSingmP vehinc   . (10) 
 incrolladacclwheeltotal PPPPP , . (11) 
where, ‘Paccl’, ‘Pad’, ‘Proll’, ‘Pinc’ and ‘Ptotal, wheel’ represent the 
power required for acceleration, power required to overcome 
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air drag, power required to overcome rolling resistance, power 
required to climb incline and total power required at wheels 
respectively. The total mass of the vehicle is given by ‘mveh’ 
and the slope of the road is given by ‘θ’, which is assumed to 
be zero. The acceleration and velocity of the vehicle are 
represented by ‘a’ and ‘v’ respectively. The definition of the 
other variables used in the equation and their values used in 
simulation are given in Table 1. 
From the above formulae (7)-(11), it is clear that the power 
demand of the vehicle is dependent on drive cycle (time 
dependent speed, acceleration and slope values), the vehicle 
form (shape) and vehicle mass. Though the first two factors of 
the vehicle are fixed, the mass of the vehicle is dependent on 
the presence or the absence of APU based new AC system. 
We assume a kerb mass of 1100 kg [14] which includes the 
conventional AC system, car body, window, seats, etc. but 
excludes battery and passenger weight. The efficiencies of the 
components of the drivetrain considered are shown in Table1.  
Iterative mass estimation: The total mass of the vehicle is 
the summation of passenger’s mass, kerb mass, battery mass 
and the additional mass of the autonomous AC system. Two 
passengers with an average weight of 62 kg/person [15] were 
assumed. The mass of the battery was determined by the 
amount of energy required by the AC system, auxiliaries and 
driving. However, we see from the equations (7)-(11) that the 
mass of the battery itself (which affects the mass of the 
vehicle) affects the energy demand. Hence, there was a 
necessity for iterative solving to achieve the right size of the 
battery for the required range. This was realized using 
MATLAB scripts. The basic configurations of the vehicle 
considered in this simulation are shown in Table 1 [16]. The 
usable State of Charge (SOC) range of the battery is assumed 
to by 0.7 (0.2-0.9) and the energy density of the battery is 
taken to be 120 Wh/kg [14]. 
TABLE 1 
VARIABLES USED FOR SIMULATION 
Variable Symbol Value Units 
Air drag coefficient cw 0.31 [-] 
Coefficient of rolling resistance f 0.011 [-] 
Frontal area Af 2.2 m
2 
Rotational inertial coefficient frot 1.1 [-] 
Density of air ρ 1.225 kg/m3 
Acceleration due to gravity g 9.81 m/s2 
Efficiency – Battery ηbat 0.95 [-] 
Efficiency – Inverter ηinv 0.97 [-] 
Efficiency – Motor/Generator ηmot 0.95 [-] 
Efficiency – Transmission  ηtrans 0.95 [-] 
 
The drive cycle used for the evaluation is the Singapore taxi 
drive cycle (STDC). The STDC is developed internally at 
TUM CREATE by Mr. Pablo Hidalgo of the ‘Interdisciplinary 
Development of Vehicle Concepts’ department based on the 
GPS data collected from Singaporean taxis. The drive cycle 
lasts for 1310 s and covers a distance of 7.75 km at an average 
speed of 21.3 km/hr. The drive cycle is shown in Fig. 8.  
 
Fig. 8.  Speed vs Time plot of the Singapore Taxi Drive Cycle.  
In the fixed battery size approach, we calculated the battery 
size required for covering 200 km with conventional AC 
system. Then with this battery size and the new AC system 
powered by APU, we calculated the additional range 
achievable. We also calculated the energy consumption per 
km of this extended range and compared it to the original 
value. 
In the fixed range approach, we fixed the range of the 
vehicle, compared the battery weight and energy use from 
battery per km with the conventional and the new AC system.  
III. RESULT AND ANALYSIS 
Initial simulation results suggest that the amount of energy 
required for driving 200 km range in Singapore using the 
STDC for nominal conditions with the conventional AC 
system powered by battery is 34 kWh. This amount of energy 
corresponds to 407 kg of lithium ion battery. AC system 
consumes close to 23% of the total energy. The total weight of 
the vehicle is 1507 kg and the energy consumption per km is 
171 Wh/km or 17 kWh/100km. For the ease of analysis, the 
energy usage from the battery is split into 2 parts, 
i) Energy use of AC system – 39 Wh/km; 
ii) Energy use for driving and auxiliaries – 132 Wh/km; 
For making a fair comparison of the vehicles with and 
without the autonomous AC system, we compared only the 
energy use from driving and auxiliaries (i.e. the non AC part). 
Henceforth, the term energy consumption refers to the non AC 
part alone. 
A. Fixed Battery Size Approach 
In this part of the analysis, the size of the battery was fixed 
to the original 407 kg, providing a total energy of 34 kWh. 
Now we introduce the autonomous AC system, thus making 
more energy from battery available for driving. The weight of 
the vehicle is now increased by 90kg because of the additional 
components of the new AC system. The simulation of the 
vehicle in this configuration suggests that the total range of the 
vehicle will increase to 251 km, which corresponds to about 
26% range extension. Hence inclusion of an autonomous AC 
system in electric vehicles makes sense from range extension 
point of view. However, this range is achieved at efficiencies 
of 136 Wh/km, which is 4 Wh/km higher than the driving and 
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auxiliaries energy consumption of the original vehicle. This 
increase is mainly attributed to the increase in mass of the 
vehicle. 
The impact of additional mass on the range extension 
capability and energy consumption per km of the BEV is 
studied and plotted in Fig. 9. The additional achievable range 
decreases from 53 km to 49 km for increase in an additional 
weight from 70 to 110 kg whereas the energy consumption per 
km increases from 135 Wh/km – 137 Wh/km for the same 
range of additional mass. 
 
Fig. 9.  The energy consumption and achievable range of the BEV with fixed 
battery size with inclusion of the autonomous APU plotted against variable 
additional mass. 
With inclusion of autonomous AC system, the range of the 
BEV increases by about 25-27%. Though this is achieved at 
lower efficiencies, it tackles one of the key disadvantages of 
the BEV which is its range. In addition to that, since the range 
per recharge has increased, the number of recharges required 
in the BEVs life cycle decreases. The lifetime of a battery 
depends on the number of charge-recharge cycles it has gone 
through. Since we shall reduce the number of cycles the 
battery goes through, we shall increase the lifetime of a BEV 
which is a considerable advantage.  
B. Fixed Range Approach 
In this approach, the range of the vehicle is fixed to 200 km 
and the impact of inclusion of the autonomous AC system is 
studied. By inclusion of the autonomous AC system, the 
power consumption from the battery goes down and hence the 
battery could be downsized for achieving the same range. The 
simulation result suggests that by the inclusion the 
autonomous AC system (with a weighs of 90 kg), the size of 
the battery could be reduced to 313 kg from its original value 
of 407 kg. This corresponds to about 23% reduction in battery 
mass. However, the total reduction in mass of the vehicle shall 
be 4 kg only. The BEV would be able to traverse 200 km at an 
energy consumption rate of 131 Wh/km which is lower than 
the original energy consumption rate of 132 Wh/km. Hence 
inclusion of and autonomous AC system makes sense both in 
terms of reduced battery size and energy consumption. 
Fig. 10 shows the impact of additional mass of the 
autonomous AC system on the reduction in size of the battery 
and the energy consumption rates. It is seen that for additional 
weights (of the AC system) which are greater than 94 kg, the 
energy consumption rate of the BEV with autonomous AC 
system is higher than that of the conventional ones. To 
understand this, we need to analyze the cause of reduction in 
the battery size entirely. 
The reduction in size of the battery is caused by the 
compounded effect of the following 2 factors: 
i) Reduction in power demand from the AC system since it 
has been made autonomous; 
ii) Change in mass of the vehicle which causes a change in 
its mechanical energy demand. 
Hence, as long as the AC system remains autonomous and 
the summation of the incremental mass of the autonomous 
APU system and the mass of the reduced battery is less than 
the mass of the original battery, the energy consumption rates 
shall be lower than the original value due to the compounded 
effect of the above two factors. This breakeven occurs at 94 kg 
of additional mass. The inference drawn here is that if the 
additional mass is lesser than 94 kg, it will lead to an 
improvement in energy consumption rate.  
 
Fig. 10.  The energy consumption and battery mass of a BEV with fixed range 
upon inclusion of the Autonomous APU plotted against variable additional 
mass. 
The important factor that works in favor of downsizing the 
battery keeping the range constant is the reduction in recharge 
time. Longer recharge times per driving range is another major 
drawbacks of a BEV. In the BEV with autonomous AC 
system, the time taken to refill ethanol tank is negligible as 
compared to the time taken for recharging of the battery. 
Hence battery recharge time is the limiting factor. Therefore, 
even if we have additional masses which are greater than 94 
kg, the downsizing of the battery still provides us an 
advantage in terms of reduced recharge time per driving range. 
The reduction in battery mass ranges from 24% for 70 kg 
additional weight to 22% for 110 kg additional weight. Hence 
even for the worst case scenario of 110 kg additional mass 
provides us significant advantage it terms of reduced charging 
times per driving range. Especially since TUM CREATE 
Limited is designing the BEV to function as a taxi, reduced 
charging times are very essential. 
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IV. CONCLUSION 
The following conclusions could be drawn from this study: 
• Inclusion of autonomous AC system could increase the 
driving range by 25-27% if the battery mass is kept 
constant. 
• The autonomous AC system could reduce the battery 
mass by 22-24% if the range is kept constant. 
• The energy consumption rates of the BEV with 
autonomous AC system are lower than the conventional 
vehicle as long as the additional mass is less than 94 kg 
in the fixed range configuration. 
Having an autonomous AC system in BEV vehicles driven 
in tropical conditions makes sense from energy consumption, 
recharge time and battery life time point of view.  
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